Epidemiological and genetic studies suggest that schizophrenia (SCZ) is associated with both polygenic and environmental risk factors. Little is known if these factors project on common functional circuits relevant to the pathophysiology of SCZ. Here we focussed on resting state functional MRI (rsfMRI) as a biological measure to investigate if genetic and environmental factors for SCZ risk affect the same circuits in healthy controls as well as patients. For this, we compared the effects of a polygenic risk score for SCZ (PGRS), childhood adversity (CA) and their interaction on functional connectivity density (FCD) mapping and nucleus accumbens (NAcc) seed connectivity between 23 patients with SCZ or schizoaffective disorder and 253 healthy subjects. Patients demonstrated strong FCD increases compared with healthy controls mainly in subcortical nuclei including the NAcc, replicating previous reports. In healthy subjects, FCD of the NAcc was positively correlated with both the PGRS and the PGRS-CA-interaction. Both for high PGRS and PGRS-CA-interaction, fine-mapping revealed higher connectivity between the NAcc and visual association cortices. In conclusion, polygenic risk for SCZ shifted global and regionally specific connectivity of the NAcc in healthy subjects into the direction of the connectivity pattern observed in SCZ, and this shift was intensified by higher levels of CA.
INTRODUCTION
Schizophrenia (SCZ) is a devastating brain disorder and severe form of psychotic illness with a complex phenotype presentation including hallucinations, delusions, thought disorder and blunted or reduced affect [1] . According to the stress-vulnerability model, onset and course of SCZ result from multiple factors [2] : On the one hand, there is an inherited risk of developing the disease as demonstrated by twin [3] and family studies [4, 5] . Even though the contribution of individual allelic variants to the development of SCZ is not fully understood, genome-wide association studies (GWAS) have detected numerous common alleles of small effect [6] that overall explain up to half of the genetic variance [7] .
On the other hand, a range of environmental factors can influence the expression of psychotic symptoms. In addition to cannabis abuse, growing up in an urban environment or belonging to a minority, exposure to early life adversity can also critically impair the development of the brain [8] and promote the development of later psychopathology [9] . For example, sexual abuse as a child, disruption of attachment relations or chronic victimization has been associated with hallucinations and paranoid symptoms in adulthood [10] [11] [12] .
Structural MRI has augmented our understanding of SCZ as complex developmental brain disorder by longitudinal cortex mapping in adolescent patients with SCZ [13] , or meta-analyses of grey matter (GM) morphology, demonstrating widespread cortical thinning and reduced volumes of subcortical structures, including the hippocampus, amygdala, thalamus and nucleus accumbens (NAcc) as well as reduced intracranial volume [14] . White matter changes are similarly multiregional, and like GM reductions and ventricular enlargement, intensify with longer disease duration [15, 16] . Typical aberrant task responses localize to frontotemporal areas, including the dorsolateral prefrontal cortex (DLPFC), orbitofrontal cortex and left superior temporal gyrus [16] .
Pivotally, these abnormalities are detectable in very similar areas during resting state fMRI (rsfMRI) that is acquired in the absence of any specific cognitive constraints. RsfMRI functional connectivity (FC) measures can be calculated by a broad range of methods directed towards both regional and multiregional FC properties [17] . A meta-analysis of heterogeneous rsfMRI studies suggests that medial PFC and anterior cingulate cortex are particularly sensitive to changes in SCZ [18] . Beyond these cortical areas, FC is also altered in subcortical areas, and particularly increases have been reported for the NAcc [19] [20] [21] [22] .
The NAcc is part of the mesolimbic pathway and the main projection site of dopaminergic neurons in the ventral tegmental area (VTA) [23] through presynaptic D2-(auto)receptors and postsynaptic D1-/D2receptors, resulting in positive symptoms such as delusions and hallucinations; on the contrary, mesocortical dopamine projections, predominated by D1-receptors, are hypoactive, resulting in negative symptoms such as blunted affect and stereotyped thinking [25, 26] . Of relevance to our approach, dopamine release in the NAcc, through several mechanisms, increases the local blood oxygen level dependent (BOLD) signal which implies that BOLD fMRI can be used to investigate dopaminergic dysregulation [27] . Increased FC of the NAcc to association cortices has been related to hallucinations in SCZ, especially their degree of complexity [28] . The NAcc is also a main target of antipsychotic drugs that block D2-receptors in this area [29] which makes this structure a primary region of interest.
Regarding genetic influences, ventral striatal seed FC has proven heritable in two childhood samples [30] , with additive genetic influences ranging between 19% and 67% for six connected cortical regions. This provides a framework in which NAcc connectivity could be considered an intermediate phenotype (or potentially endophenotype [31] ) that captures one (patho-)physiological process on which genetic and environmental factors could converge. Aggregating multiple risk polymorphisms into a polygenic risk score (PGRS) is one effective approach to parameterize the concurrence of many small genetic effects.
Several studies have combined a PGRS of SCZ with task fMRI and rsfMRI (for review, see Dezhina et al. [32] ). Here, more consistent findings were correlations between the PGRS and ventral striatal activation during choice behaviour [33] and reward processing [34, 35] . Wang et al. [36] investigated PGRS effects on resting state FC of the insula, finding both positively and negatively associated regions. One study has linked specific dopaminergic risk allele load to putamen volumes and found an interaction with CA [37] .
More recently, neuroimaging correlates of CA in patients with SCZ have been meta-analyzed based on 15 studies [38] : Patients with a history of childhood trauma showed lower total cerebral grey matter volume, particularly in the prefrontal cortex, reduced white matter integrity in specific tracts, and altered FC in a network comprising the amygdala, anterior cingulate cortex (ACC), precuneus/posterior cingulate cortex and the temporoparietal junction. FC analysis revealed an association between early life stress and altered amygdala/DLPFC and amygdala/rostral ACC connectivity that mediated stress response patterns in adulthood [39] . A relevant connection between early life stress and the mesocorticolimbic dopaminergic system has been detected using FC analysis of the VTA, identifying age-related attenuation of VTA/hippocampal connectivity [40] . Altered amygdala-striatal connectivity has been identified as a specific trait in male cocaine users with a history of CA [41] , and impaired GABA signalling in the NAcc has been observed in animal models of early-life adversity [39] . 
MATERIALS AND METHODS

General Study Samples Characterization
The [46, 48, 49] .
In this study, we focused on the sum score of all five subscales. Besides these five subscales, CTQ includes a three-item minimization/denial validity scale to detect underreporting of maltreatment. In order to specify psychotic symptoms and quantify their severity, SCZ patients were clinically rated using the Positive and Negative Syndrome Scale (PANSS) [50] . below 1 × 10 −5 . We also excluded individuals with a call rate below 98%.
Within each cohort, we performed multidimensional scaling analysis (MDS) on the LD-pruned genotypes in PLINK [53] . After this QC, we imputed missing genotypes using shapeit2 [54] and impute2 [55] . We used the 1000 Genomes Phase II dataset as reference sample. After imputation, we filtered for SNPs with an info-score above 0.8. In the final dataset, 8847825, 8256847 and 7734296 SNPs were available for batches (1)-(3).
The SCZ PGRS was calculated based on a genome-wide association analysis for schizophrenia [6] . At first, best-guessed genotypes (based on a probability threshold of 0.9) were LD-clumped based on the genomewide summary statistics, afterwards dosage data from the clumped SNPs were extracted and used for the calculation of the risk scores. The PGRS was calculated by summing up the risk alleles of those SNPs that presented genome-wide significance in the mentioned GWAS weighted with the respective log(OR). All risk score calculations were performed with PLINK. Resulting scores were scaled to the number of SNPs available for PGRS calculation (193 for TMEM and IST; 195 for BeCOME and PSC); scaled scores were then Z-transformed (PGRSZ), separately for the three genotyping batches (1)-(3) to control for batch-specific ranking shifts. Regarding more lenient p T such as 0.05, we considered the resulting PGRS not sufficiently reliable due to batch-related differences of the PGRS distributions also after the scaling step.
Resting State Functional MRI Preprocessing
Preprocessing of fMRI data was based on inhouse software written in Resulting GM and WM probability maps were entered as dual input into the iterative DARTEL normalisation algorithm (six generation of IXI templates; DARTEL default settings) [51] to produce a flowfield with warping information between native and MNI space. The time series was then spatially transformed using this transformation matrix and interpolated to a resolution of 3 × 3 × 3 mm 3 (for FCD) or to 2 × 2 × 2 mm 3 (for seed analysis). Spatially normalized versions of GM, WM and CSF probability maps, also at both resolutions, were generated. 
Anatomical Segmentation and NAcc Definition
High-resolution T1-weighted images (T1WI) were processed in two ways to be used in MNI space along with EPI time series: First, cortical reconstruction and volumetric segmentation was performed using the analyses in MNI space with regional analyses has proven useful before [58] .
FCD Mapping
FCD accounts for the average FC between the index voxel and every other voxel in a predefined analysis volume. In-house Matlab software executed on a Linux cluster was used to calculate FCD based on the 
Proof-of-Concept Default Mode Seed Analysis and NAcc Seed Analysis
Seed-to-brain analyses were performed on the isometric 2 mm version to allow for higher accuracy of the seed placements and recruited networks. Before the actual NAcc analysis, a seed analysis using the anterior and posterior midline hubs of the default mode network (as gained from an independent sample of 25 subjects with EEG-validated wakefulness [59] ) was performed in order to validate expected FC patterns. First level models contained an intercept and the regressor of Figure S3 ).
FCD and NAcc Functional Connectivity Group Effects
Group comparisons between patients and controls were performed for FCD maps and for seed based NAcc connectivity (left, right, bilateral):
For FCD effects, age, sex and global FCD were used as nuisance covariates, in addition to three sample source dummy covariates. Age differed between patients and controls ( Diagnosis (F20/F25) 12/11 n/a n/a n/a n/a Duration of illness (years, mean ± SD) 12.9 (±15.3) n/a n/a n/a n/a PANSS, positive 13.4 (±5.5) n/a n/a n/a n/a PANSS, negative 13.5 (±5.9) n/a n/a n/a n/a PANSS, total 28.8 (±8.6) n/a n/a n/a n/a 
Significance Criteria
For analyses in the anatomical space within the general linear model (GLM) framework of SPM, significance criteria were clusters collected at p < 0.001 followed by whole brain correction of cluster p-values for family-wise error (FWE). Significant result clusters (pcluster.FWE < 0.05) were anatomically labelled using the Automated Anatomical Labelling (AAL) toolbox. For the analysis of FCDglobal and regional FCD values of the NAcc, respective models were tested in SPSS (Release 18.01, SPSS Inc., Chicago, Illinois, USA) as described and p < 0.05 was accepted as significance criterium. Table S4 ). The distribution was very similar to one reported from a large German cohort [49] with about half of subjects scoring in the low to moderate severity class or higher in at least one of five categories. CTQ sum values were higher in the patient group by about 9 points (p < 0.001). The distribution of subjects over the number of CTQ categories with at least low to moderate severity (range 0 to 5 categories) differed between SCZ and controls (Pearson Chi Square 19.77, p < 0.001), confirming a CA/SCZ association [12] . Of the healthy subjects, 120 had an increased CTQ score in at least one category. Disease duration was about 12.4 years on average, though, with a large range between 0 (acutely diagnosed) and 43
RESULTS
Demographic Characteristics of Study Sample
years. 96% of patients were treated with antipsychotics (both atypical and typical) at the time of fMRI. Positive and negative symptoms in the SCZ patients were moderately high as expected for a sample with longer going disease under treatment.
Voxelwise FCD and NAcc Connectivity Differences between Patients and Healthy Subjects
Proof-of-concept visualization of group average FCD maps were as expected from previous reports [42] (Supplemental Figure S2 ). Higher FCD was found in five whole brain significant clusters collected at pvoxel < 0.001 ( Supplemental Table S3 ) localizing to the right caudate, right posterior thalamus, and mid-/posterior cingulate and precuneus area (Supplemental Figure S4 ). Strong group-by-FCDglobal effects (SCZ > controls) mapped to the bilateral subcortical nuclei including the NAcc and bilateral thalamus and extending to the anterior cingulate cortex (Supplemental Figure S4B ). The global conjunction of both effects confirmed the bilateral subcortical nuclei including the NAcc, posterior cingulate/precuneus, right temporal cortical and mesencephalic clusters. in healthy subjects, and patients (N = 25)) showed a significant main effect of risk (F = 2.746, p = 0.043). Post-hoc pairwise comparisons confirmed differences between SCZ and the low (p = 0.009) and medium (p = 0.010) risk group, yet not between SCZ and high risk (p = 0.169) ( Figure 2A ). This pattern was confirmed when using the ratio between FCDNAcc/FCDglobal instead of a covariate approach ( Figure 2B ). In either model, re-separating the medium risk group into high CTQ or high PGRS did not change the result pattern. 
PGRS Effects and Interaction with Childhood Adversity on FCD and NAcc Seed Connectivity
DISCUSSION
We employed rsfMRI analysis to compare the effects of established SCZ with effects of polygenic risk for SCZ and its interaction with CA in healthy individuals. One benefit of combining case/control comparisons J Psychiatry Brain Sci. 2019;4:e190011. https://doi.org/10.20900/jpbs.20190011 and imaging genetics analyses in one framework is the minimization of methodological sources of inconsistency that represent an acknowledged problem in rsfMRI. Our first set of analyses replicated previously reported increases in FCD in SCZ mainly in subcortical nuclei including the NAcc. In our second set of analyses, we found that higher polygenic risk for SCZ correlated positively with FCD in the bilateral NAcc and with specific NAcc connections in the secondary visual association cortices, and that polygenic effects were stronger in subjects with higher levels of CA.
Replicating Associations between SCZ/Schizoaffective Disorder and
Subcortical FCD
Datasets with rsfMRI can be easily acquired and provide a rich source for analyzing spontaneously occurring functional patterns. Still, as the initial analysis space is high-dimensional (e.g., ~25.000 native space voxels with grey matter BOLD signal over ~150 time points, resulting in about 4.5 × 10 6 raw data points) and as the space of possible (mostly complementary) analyses techniques is also large [61] , a decision was made to use FCD as an entry technique. FCD aggregates connectivity information of one voxel to all other voxels in a single value and can be understood as sensitive, yet anatomically nonspecific screening technique [42, 44, 62] . In our analysis of 23 patients with SCZ or schizoaffective disorder, mostly treated with neuroleptics (96%) and with a moderate level of current symptoms, we found abnormally increased FCD in subcortical nuclei and posterior midline areas, and in addition, increased voxel/whole brain FCD correlations in the ventral striatum and mesencephalon. Conjunction analysis affirmed that particularly the NAcc presented such hyperconnectivity. Both the directionality and anatomical pattern matches two prior FCD reports on SCZ [36, 22] , even under consideration of technical differences: Global FCD (as used here) considers the connectivity between an index voxel and all other voxels, whereas local FCD restricts the voxels of interest to those adjacently connected to the index voxel [42] . Zhuo et al. [22, 63] employed unweighted global FCD to compare 95 patients against 93 controls, counting voxels with a correlation coefficient larger than 0.6 and scaling these to the average count in GM. We emulated this counting approach post-hoc and found strong count increases in the subcortical nuclei (data not shown), supporting that our results are not specific to the decision weighted vs. unweighted FCD [62, 36] focused on local FCD changes and mapped those to bilateral subcortical nuclei, (para-)hippocampal areas, and less prominently, to frontotemporal regions. Of note, long-range FCD (derived from subtracting local from global FCD) was increased in the bilateral thalami and pallidum, confirming that both short-and longrange connectivity of the basal ganglia are increased in SCZ. In terms of clinical specificity, both our sample and the one analyzed by Zhuo et al. [22, 63] and Liu et al. [21] comprised patients treated with antipsychotics, J Psychiatry Brain Sci. 2019;4:e190011. https://doi.org/10.20900/jpbs.20190011 not allowing to fully tease apart disease from medication effects. One study on drug-naive, first episode SCZ patients reported reduced FC between the NAcc and the anterior cingulate cortex [64] , yet results on the full band width FCD are not reported. Another rsfMRI study on young, unmedicated patients with SCZ reported FCD effects from specific frequency bands, yet not analyzing the full band width [65] .
Polygenic Risk and Its Effect on FCD in Healthy Controls
Building on this replication of subcortical FCD increases in SCZ, we integrating more than 100 genetic loci and FC of the NAcc to the whole brain. It is thus likely that correlations between specific NAcc connections and specific SCZ-related genes might be stronger. Filtering the genetic space for more NAcc-associated functions, e.g., genes
regulating dopamine release and reception, could be a next step. Equally, focussing on the bivariate connectivity between the NAcc and the ventral tegmental area (VTA) could increase circuitry specificity.
The influence of marker selection on the fMRI side is also exemplified by a recent negative report on the association between a whole genome based PGRS for SCZ and rsfMRI [52, 66] . Here, the marker was the Eucledian distance of an individual from the group's centroid in terms of functional network connectivity in 50-dimensional space, i.e., the (temporal) relationships between time courses of resting state networks.
This marker reflects brain dysfunction at a very high level of abstraction, yet proved sensitive to SCZ. Possibly, its disease specificity is lower than assumed, or differences in generating the PGRS (P T < 0.0001) influenced the result.
Dissecting NAcc Functional Connectivity Correlations with Polygenic
Risk
We also searched the entire FCD voxel space, identifying an isolated correlated cluster of 24 voxels in the right NAcc/caudate that was not significant at the whole brain level, yet within the striatal mask, particularly within the group of subjects with at least one rated childhood trauma domain. Anatomically, our result resembles reports on PGRS effects on striatal responses during reward anticipation [34, 35] . In conjunction with reported genome wide associations with SCZ at dopamine receptor D2 [6] and pathway analysis indirectly pointing to a role of internalization of the dopamine transporter during development [6, 67] , we speculate that fMRI is sensitive to ventral striatal functions indirectly reflected in the PGRS. NAcc seed analysis, in turn, revealed that the PGRS was positively correlated with NAcc connectivity to visual association cortex, in a pattern resembling the dorsal and ventral visual stream [68] . This resonates directly with reported increased connectivity between the NAcc and visual association cortex in SCZ patients with visuoauditory hallucinations [28] . It appears that PGRS correlates at the rsfMRI level do not only converge with increased FCD in SCZ, but also with NAcc connections specifically related to positive symptoms.
Childhood Adversity as Factor Augmenting Polygenic Risk
Beyond the direct genetic effect, we found that CA as measured by self-reports interacted with polygenic risk into the same effect direction.
For FCDNAcc the interaction term significantly increased the explained variance by 1.1%. At the NAcc seed level, the interaction term projected to a cluster overlapping with the genetic main effect which is noteworthy as both regressors were orthogonal. Reflecting the same pattern, the amount of variance explained by the PGRS differed strongly between subjects with no rated childhood trauma domain (N = 133) compared with subjects with at least one rated childhood trauma domain (N = 120).
This pattern was also found at the FCD mapping and the NAcc seed level (Supplemental Figure S5) . No main effect of CA was observed at the FCD or NAcc seed level which calls into attention that for mediation of some environmental factors, high genetic risk could be a prerequisite. We see a potential link between our result and epidemiological data that report hallucinations (of different types) to be disproportionally prevalent in patients with SCZ that have a history of childhood abuse [12] . This relationship exists across diagnostic borders (e.g., bipolar disorder) and also among non-patients: for example, bullying was found associated with visual hallucinations in the non-clinical general population [69] . A conceptually similar report revealed an interaction of CA with dopaminergic risk alleles on the volume of the left putamen in a combined SCZ/control sample [37] . So far, no other reports on interactions of CA with SZ-relevant genetic risk conditions exist for J Psychiatry Brain Sci. 2019;4:e190011. https://doi.org/10.20900/jpbs.20190011 human functional striatal measures. Direct CA effects on the mesolimbic dopaminergic system as measured by rsfMRI have been found in 43 previously trauma exposed children and adolescents [40] , and amygdalastriatal FC changes were reported in male drug cocaine users with a history of CA [41] . In experimental animals, early life-adversity was identified as factor influencing GABAergic functions of the NAcc [70] . The stronger polygenic effects we found in subjects with higher CA levels might point to epigenetic mechanisms that, as a consequence of CA, may lead to long-term changes of gene expression and subsequent functional adaptations.
Could Subcortical FCD Be Useful as Cumulative Risk Marker?
Interesting analogies exists between subcortical hyperconnectivity (as mapped by FCD) in SCZ and cannabis abuse [71] . The epidemiological link between cannabis abuse, particularly when occurring at a younger age and over a longer period, and SCZ is a matter of a long debate [72] [73] [74] . Of value for this discussion, it was reported that patients with SCZ and cannabis use disorder showed reduced NAcc/prefrontal connectivity that was alleviated by cannabis [75] . These analogies suggest that NAcc or VTA based rsMRI connectivity markers, particularly when applied to sufficiently phenotyped population cohorts, may be useful to characterize individuals with regard to abnormalities in dopaminergic and thus SCZ relevant circuits. To exemplify the potential of FCDNAcc as a "functional risk marker", we quantified that a "double risk" subgroup of 17 subjects with both high (>75th percentile) polygenic risk and CA
showed FCDNAcc values in the range of the SCZ patients, whereas "no risk"
or "single risk" was accompanied by FCD levels significantly different from patients. Serial studies, ideally in adolescents or young adults, are needed that investigate the actual predictive value of this marker. or voxelwise FCD in 253 healthy subjects was found, and as group comparisons mainly aimed at verifying a previously reported SCZ-related FCD pattern. Third, MR acquisition differences between our four substudies and different genotype batches may have reduced our statistical power in the imaging genetics part. Still, meta-analysis of FCDNAcc resulted in practically exchangabe effects compared with megaanalysis. Fourth, though post-acquisition motion correction was performed at usual standards, the degree of motion that needed correction was higher in the SCZ group, leaving the possibility of an influence on FC(D) group comparisons. Last, the assessment of CA using self-rating instruments may have introduced a memory bias in patientsyet, in this work, the reported CTQ difference between patients and controls has not influenced the main results from the healthy group.
Limitations
CONCLUSIONS
We report that polygenic risk for SCZ explained a significant part of the variance of FC density of the NAcc in healthy subjects and that high self-reported CA intensified this relation. More specifically, increased connectivity between the NAcc and visual association cortices emerged as one underlying pattern. Subjects with high genetic and environmental risk approached FCD levels overlapping with SCZ, strengthening the role of NAcc FC as a potential endophenotype of SCZ. More generally, selfreported CA levels emerged as modifier of imaging genetic correlations which might help to understand result heterogeneity in imaging genetics.
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